The band alignment of semiconductor-metal interfaces plays a vital role in modern electronics, but remains difficult to predict theoretically and measure experimentally. For interfaces with strong band bending a main difficulty originates from the in-built potentials which lead to broadened and shifted band spectra in spectroscopy measurements. In this work we present a method to resolve the band alignment of buried semiconductor-metal interfaces using core level photoemission spectroscopy and self-consistent electronic structure simulations. As a proof of principle we apply the method to a clean in-situ grown InAs(100)/Al interface, a system with a strong in-built band bending. Due to the high signal-to-noise ratio of the core level spectra the proposed methodology can be used on previously inaccessible semiconductor-metal interfaces and support targeted design of novel hybrid devices and form the foundation for a interface parameter database for specified synthesis processes of semiconductor-metal systems.
sources of line broadening, such as lifetime effects, instrumental resolution or chemical shifts 20 . The small effective material volume from which information can be obtained makes this deconvolution procedure an ill-posed mathematical problem. As a consequence, Schrödinger-Poisson calculations used to simulate accumulation layers based on measurements on CdO, InAs, and InN resulted in an underestimation of the quantum well carrier density and subband occupation number and led to errors in the conduction band offset Φ of ∼100 % 5, 10 . These issues are amplified for buried interfaces by the attenuation due to the overlayer. Depending on the intensity and energy of the available light source and the specifics of the band structure, conduction and valence band measurements quickly become unfeasible with increasing overlayer thickness. Core levels with their strong spectroscopic signatures remain the only accessible features for buried interfaces.
The approach to band bending profile analysis of interfaces presented in this work combines angle-resolved photoelectron spectroscopy, photon energy dependent core-level spectroscopy and self-consistent electronic structure calculations. The method avoids many systematic errors made in the analysis of PES spectra from heterostructures and allows investigation of buried interfaces previously out of reach. The approach is outlined in Fig.1c and consists of two parts; 1) determination of an accurate value of the characteristic bulk energy difference between a core level and the conduction band of the reference semiconductor ∆ CL , and 2) core level measurements on the buried interface system of interest (based on the same semiconductor). It is important to note that the energy difference ∆ CL is independent of the overall potential and therefore a constant property of the bulk material.
To determine ∆ CL we first use angle-resolved photoelectron spectroscopy (ARPES) to obtain momentum resolved dispersion of quantum well subbands. Bare semiconductor surfaces with an accumulation layer (such as the InAs(100) surface 21 ) are suitable for this step as they give the highest signal-to-noise ratio for the emission from the conduction band. In case the bare surface does not have an accumulation layer, it may be induced intentionally by changing the surface chemistry as shown in ref [ 22 ] in the case of InSb. Knowing the material dimensions of the stack and the energy levels of the quantum well states, we can use a self-consistent electronic structure model to obtain the conduction band offset Φ bare (see the definition sketched in Fig.1b ) and the band bending profile. After the determination of the conduction band profile a fitting procedure is applied to a complementary set of core level spectra. The difference between conductance band and the chosen core level gives the characteristic energy difference ∆ CL (compare panel b)).
In the second part of the procedure, a set of PES spectra from the same CL is acquired on the buried interface. We fit this dataset with a band bending profile from a set of possible self-consistent solutions of the electronic structure model for the given heterostructure geometry, shifted by the previously determined ∆ CL . This effectively restricts the fit to the space of physically consistent profiles which are, via the model fit procedure, themselves functions of the buried interface offset Φ int .
In the following we show that this approach addresses the issues discussed above and makes the core level fitting procedure reliable for the purpose of band offset determination. In this work we use Schrödinger-Poisson (S-P) simulations 23 , however, alternative approaches such as the k · p formalism (or many-body methods) can be used depending on the type of system and level of detail.
In the following we apply the method to the InAs(100)/Al interface which has recently gained interest for its potential in topological quantum computing [24] [25] [26] [27] [28] . Detailed knowledge of the electronic band alignment at the interface is essential for the understanding of superconductor-semiconductor hybridization in these systems 29 . We demonstrate that the energies and occupation numbers of the quantum well subbands at the SM interface can be extracted with an error of ±10% for the band offset. The first step of the procedure is the acquisition of the ∆ CL value using the pristine InAs(100) surface ( Fig.1b ). This is done by first fitting the in-plane QW state dispersion from the conduction band (around the Γ point) shown in in Fig.2a (compare dashed rectangle in Fig.1b ). The two dashed blue lines in Fig.2a show the Schrödinger-Poisson fit of the data within the area highlighted in light green (see Supplementary A for details). The corresponding energy distribution curve (EDC) for the k = 0 data bin is shown in Fig.2b . From this procedure we obtain a band offset of Φ InAs(100) = 0.19(3)eV, with the subband energies ε 1 = −0.09eV and ε 2 = −0.006eV, respectively. The simulated ARPES spectrum resulting from the fit procedure described in Supplementary A is shown in Fig.2d .
The corresponding core level data is recorded at the same position as the angle resolved spectra using a photon energy range of 350 -1050 eV (Fig.3a) . The ratio of bulk to surface contribution varies with photon energy because of the photon energy dependent penetration depth. This allows the core level fitting procedure to separate the surface and bulk contribution as well as capture the trend of the band bending. Any well-defined core line can be chosen for this procedure depending on the materialhere we use the In4d core level. Fig.3a shows the core level data set for the bare InAs. The shape of the In4d level in InAs has been subject to discussions in literature in the past 21, 30 . It is known that the spectral line consists of two distinct components, each exhibiting a two-peak shape caused by the spin-orbit interaction; a main component originating from the bulk and a For context, the color-coded squares in Fig.3c show the directly observed energies of the core level maxima without the band bending model decomposition. The dashed lines show the calculated band bending profiles for a semi-infinite InAs slab instead of a 20 nm thick substrate used in the experiment. Note that the band offset is a property of the interface and thus unaffected by the details of sample geometry.
To validate the procedure we perform a direct SX-ARPES measurement of a SM interface (Sample C) with a metal layer thickness that is thin enough to still allow access to the quantum well states (Fig.4a ). To compensate for the attenuation by the Al layer the measurement is performed at the higher photon energy, here hv = 1045 eV, which results in an increased electron mean free path (at the cost of reduced energy resolution). In Fig.4b we zoom in on the conduction band QW states.
The overlaid blue dashed lines are the QW states obtained independently by the core level fitting and self-consistent SP approach. A comparison between these and a direct fit of the EDC, for the k=0 bin, is displayed in Fig.4c . The core level fitting procedure predicts the energy levels of the first and second QW state as ε 1,CL = −0.17eV and ε 2,CL = −0.07eV. This is in good agreement with values obtained from fitting the direct measured states (ε 1,direct = −0.16eV and ε 2 , direct = −0.06eV), even though the resolution of the quantum well states is low due to the attenuation by the metal layer. The obtained band offsets of Φ int,CL = −0.39(4)eV, and Φ int,direct = −0.35(5)eV, respectively, confirm that the accuracy of the method is comparable with the accuracy obtained by direct fitting of the CB states (when accessible). We emphasize that this result is obtained using only a sequence of core level measurements on the buried interface system. Given high core level line intensity, we expect that an accurate determination of band offsets in buried interfaces under up to 6-8 nm of metallic overlayers should be possible in the soft-X-ray photon energy range.
There are two central points which allow the procedure presented in this work to function at this level of accuracy; the choice of a good reference system for the determination of ∆ CL and the use of self-consistent SP potentials in conjunction with ∆ CL in the core level fitting. We suggest the conduction band states of an electron accumulation layer as the reference system because purpose. However, accuracy in the treatment of the reference system is important as all uncertainties will propagate through the analysis.
The use of self-consistent SP potentials throughout the fitting procedure guarantees a physically sound relationship between band offset Φ and the band bending profile that enters the core level model (Supplementary C). Because of this the core line shape and the core level binding energy are no longer independent fitting parameters up to a fixed energy difference which is a material property of the bulk system (∆ CL ). This presents a very strong fitting constraint. If ∆ CL is known the offset Φ can be determined to a very high accuracy, and vice versa.
In summary, the method demonstrated in this work can serve as a general approach for extracting reliable values for a) ∆ CL , characteristic bulk parameter of the semiconductor, and b) band offsets Φ, key parameters of SM interfaces.
The band offset of SM interfaces is the key parameter for engineering SM interface in most electronic devices. In the case of semiconductor/superconductor materials like InAs/Al, the band offset is likewise a critical parameter for hybridization at the interface heterostructures. While the direct measurements of the interface QWS in this work are used as a verification of the fitting result ( Fig.4) , the procedure is not a requirement. The core level offset ∆ CL does require both core level and ARPES (or equivalent) measurements from the pristine substrate (or an alternative reference system), but once the reference system has been measured to the required degree of accuracy the transition from the bare band bending profiles to those of buried interfaces can be done with core level spectra only. The core lines typically provide orders of magnitude higher photoemission signal as compared to conduction or valence band photoemission. This drastically reduce the associated acquisition times and/or lowering requirements as to heterostructure thickness and surface quality. It further removes the need for angular resolution, thus increasing accessibility. We believe that the combined advantages of this approach can strongly contribute to fast development of engineering novel material combinations and targeted heterostructure interface design in the future.
Methodology
The planar InAs-based materials were grown by molecular beam epitaxy on GaSb (100) substrates in a Veeco Gen 930 using ultra-high purity techniques and methods as described in 34, 35 . The structures are composed of a GaSb buffer grown at 500 • C followed by a 20 nm-thick InAs layer grown at 480 • C, as measured by absorption of blackbody radiation. The transition between these two materials has been made using a shutter sequence developed in 36 . The growth of InAs was performed with an As-to-In beam equivalent pressure ratio slightly larger than 1 to prevent the formation of void defects associated with As etching of the GaSb layer. Under these conditions, flat InAs surface morphology has been obtained with a roughness of the order of a monolayer.
To facilitate the observation of the quantum well states, the first d=15 nm of the InAs layers were doped with Si atoms at a density n Si,3D = 2.2 × 10 18 cm −3 . After the growth, the samples were covered with an amorphous arsenic cap layer deposited at 0 • C to protect the InAs surface during transport in nitrogen atmosphere from the MBE-system in Purdue to the SX-ARPES system at the ADRESS beamline of the Swiss Light Source. The InAs samples were decapped by annealing at ∼ 350 • C in the ultra-high vacuum system at ADRESS.
During the ARPES in-situ deposition steps described in the second part of the paper Al layers with different thicknesses were deposited at a temperature of T∼15 K on top of the pristine InAs(100) by employing a shadow mask technique. The layer thickness was checked post deposition as a part of the fit described in Supplementary C.
The InSb(110) surface shown in Fig.1a was prepared by cleaving inside the ARPES preparation chamber. Given a S-P solution, a predicted ARPES intensity profile is calculated by convolving the native signal 1 
Supplementary A: Schrödinger-Poisson fit of the conduction band spectrum
I int (E, k) = ∑ i=1,2 a i exp(− [E−ε i (k)] 2 σ 2 int ) θ (−E) + a bg E + b
Supplementary B: Origin of the shifted In4d core line component after Al deposition
Deposition of Al on InAs(100) gives rise to an increasingly distinct 3-peak structure of the In4d core level, as shown in Fig.5a for hν =750 eV and 1/2/3nm Al, respectively. The origin of the shifted core line can be deduced by analyzing the signal for different energies and Al layer thickness.
The main core level feature (red) is understood to originate from InAs proper, and thus its total intensity for a given photon energy hν is expected to be well described by ∞ sur f ace I 0 exp (−z/λ [hν]) dz, with I 0 some unit intensity and λ the inelastic mean free path of electrons in InAs. To avoid discussion of superimposed intensity variations due to changes of the photon flux with different monochromator settings and the possible dependence of photoemission cross-section matrix elements on energy we renormalize the data to reproduce this behavior in the bulk component and compare the phenomenological behavior of the core-level sub feature with model predictions. (Fig.5b) . On the contrary, the data is readily explained by a total of ∼1 monolayer of In being removed from InAs and migrating to the top of the Al layer during Al deposition.
Supplementary C: Core level fitting procedure for extraction of band bending profiles
To determine the band bending profiles shown in Fig.3c we simultaneously fit the core level shape of a set of spectra in the 350-1350 eV range. The surface component for each photon energy hν is represented by
whereas the the bulk component is represented by
and can be further attenuated by the presence of Al (compare Supplementary B) . Here, V is a Voigt profile with α and γ being the FWHM of the Gaussian and Lorentzian components, respectively, SO is the spin-orbit splitting and E s is the energy of the In4d surface component. φ (z) is the band bending potential, predicted by the SP model for a given band offset Φ.
The inelastic mean free path λ is taken from the publications 38-40 where we use the fits to optical data, if available, and values given by the TPP-2M formula otherwise. The prefactor I 0 is dependent on energy and absorbs variations in flux, detector sensitivity and photoemission cross-section. 
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